A method is described for quantifying polymerase chain reaction (PCR) products by labeling them with biotinylated dUTP or dATP during the amplification step. The biotin-PCR products are size-separated by gel electrophoresis, transferred to a nylon membrane and then complexed with streptavidinalkaline phosphatase. The complexes are detected by reaction with a chemiluminescent substrate sheet. This detection takes advantage of the sensitivity of chemiluminesence, without requiring hybridization with a labeled probe. The yield of biotinylated PCR products has a linear dependence on the number of PCR cycles. Thus, this method can be used to quantify PCR products, including those made by reverse transcription (RT)-PCR. Simplicity, speed and sensitivity make this a useful method.
RT-PCR is a powerful tool to quantify mRNA (1, (5) (6) (7) . The usual procedure involves RT of mRNA with random or poly(dT) primers, PCR amplification of cDNA with specific primers and then electrophoretic separation of the PCR products. Amplified cDNAs can be detected in gels with ethidium bromide staining, but this approach may not have the desired sensitivity. To increase sensitivity of detection and to prove identity of the products, PCR products are usually transferred from a gel to a membrane and hybridized with a labeled specific probe. Autoradiography, color reactions or chemiluminescence are used to visualize the labeled products. Detection methods that use chemiluminescence have sensitivities comparable to radioactive techniques (2-4, 8,9) and have the advantage of safety.
In many experiments that quantify RT-PCR products, increased sensitivity of detection of the products is desired, but proof of their identity is unnecessary. In these cases, the target DNA sequence is known, the PCR primers yield a product of known size, and identity of the product has been previously confirmed by DNA sequencing or hybridization experiments. In such circumstances, the time and effort required by the hybridization step are spent only to increase sensitivity of detection.
The method described is useful when increased sensitivity of detection of PCR products is desired, and proof of their identity is unnecessary. It is based on the ability of biotinylated nucleotides to be incorporated during PCR into DNA fragments up to 2600 bp in size (9, 10) . Incorporation of up to 75% of biotinylated nucleotides into PCR products can be done without significantly changing electrophoretical mobility of the products (10) . Increased sensitivity is gained by use of chemiluminescence detection of the biotinylated PCR products. Time and effort are saved because there is no hybridization step.
Biotin-21-dUTP and PCR primers for interleukin (IL)-1 α , IL-1 β , IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, transforming growth factor-β(TGF-β ), interferon-γ(IFN-γ ) and βactin were purchased from CLONTECH Laboratories (Palo Alto, CA, USA). Biotin-14-dATP was obtained from Life Technologies (Gaithersburg, MD, USA). Nytran ® nylon membranes, membraneblocking powder, streptavidin-alkaline phosphatase conjugate and chemiluminescent substrate sheets containing Lumi-Phos ® 530 were from the RadFree ® System (Schleicher & Schuell, Keene, NH, USA).
Peripheral blood mononuclear cells (PBMC) were isolated from peripheral blood by density gradient centrifugation using Histopaque ® -1077 (Sigma Chemical, St. Louis, MO, USA). Total cellular RNA was isolated from PBMC 20BioTechniques
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using RNA Stat-60 ™ (Tel-Test, Friendswood, TX, USA). First-strand cDNA was synthesized in a 20-µ L reaction mixture containing 1 µ g of total RNA, 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 0.5 mM of each dNTP, 1 µ M of random hexamer primers and 400 U of Moloney murine leukemia virus reverse transcriptase (Bethesda Research Laboratories, Gaithersburg, MD, USA). The reaction mixture was incubated at 37°C for 60 min and heated at 95°C for 5 min.
The PCR mixtures contained 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 5 mM MgCl 2 , 0.4 mM dNTPs, 30 µ M biotin-21-dUTP or biotin-14-dATP, 1 µ M 3 ′ and 5 ′ primers, 1 U TaqDNA polymerase and cDNA from 0.1 µ g of mRNA. The total volume of a reaction mixture was 25 µ L. The PCR was done with a Perkin-Elmer thermal cycler (Norwalk, CT, USA) for 15-40 cycles under the following conditions: denaturation at 95°C for 15 s and primer annealing and extension at 72°C for 1 min. Then, 12 µ L of each reaction were subjected to electrophoresis in 1.0%-1.75% agarose in 0.5 × TBE. Gels were denatured with two 15-min washes in 3-gel volumes of 1.5 M NaCl and 0.5 M NaOH. Gels were neutralized with two 15-min washes of 3-gel volumes of 1.5 M NaCl and 1 M Tris-HCl, pH 7.4. The DNA was then transferred from the gels to 10 × 10 cm Nytran nylon membranes by capillary transfer using 10 × SSC (1.5 M NaCl, 0.15 M Na 2 citrate . 2H 2 
To complex the biotin-PCR products with streptavidin-alkaline phosphatase, membranes were rocked at room temperature for 1 h in 30 mL of the blocking solution to which 25 µ L of streptavidin-alkaline phosphatase had been added. Membranes were washed four times at room temperature, with each wash in 250 mL 1 × TBS and 0.1% SDS for 10 min. This was followed by three washings, each wash in 250 mL 1 × TBS for 5 min. Membranes were applied to chemiluminescent substrate sheets and exposed to X-ray film for 1-60 min. The relative intensities of the bands were measured in arbitrary units using the ImageQuant ™ System (Molecular Dynamics, Sunnyvale, CA, USA).
This method was used successfully to detect mRNAs for the human cytokines IL-1 α , IL-1 β , IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-10, TGF-β , IFN-γ and the housekeeping gene β -actin. For example, in Figure 1 , RNA from PBMC was subjected to RT-PCR as described above, using IL-1 βprimers. The PCR amplifications were done for 15, 20, 23, 27, 30, 35 and 40 cycles. The time of exposure to X-ray film was 2 min. PCR products were first detected at 23 cycles.
The yield of the PCR products depended upon the number of cycles, with a linear region of amplification for most cytokines and β -actin through cycles 20-35. Figure 2 shows the dependency of the amount of IL-1 β , IL-2, IL-3, IL-5, β -actin and TGF-β products on cycle number. This linear relationship allows this method to be used for quantification of PCR products, relative to a housekeeping gene such as β -actin.
We have confirmed the expected findings that this chemiluminescent system is more sensitive than ethidium and hybridization of products with a 32 P-labeled specific probe. RNA from human PBMC was subjected to RT-PCR amplification with IL-5-specific primers. Two reactions were done, which were identical except for the use of biotinylated dUTP in one reaction. The RT-PCR products from both reactions were subjected to electrophoresis in the same gel, either neat (column 1), diluted 1:5 (column 2) or diluted 1:25 (column 3). The gel was cut, and RT-PCR products from the first reaction containing biotinylated dUTP were detected first with ethidium bromide staining (lane A). The DNA from the same gel was then transferred to a membrane and detected with the chemiluminescent technique described, with 45-min exposure (lane B). The RT-PCR products from the second reaction were transferred to a membrane and detected by hybridization with a 32 P-labeled specific probe (lane C), according to the manufacturer's recommendation (CLONTECH), with 10-h exposure.
bromide staining in detecting PCR products ( Figure 3) . Moreover, as expected, band intensities increase with longer duration of exposure to X-ray film (data not shown). Biotin-21-dUTP and biotin-14-dATP work equally well in labeling the PCR products (data not shown). Similarly, DNA cross-linking with baking and UV irradiation work equally well in this system (data not shown). We have also confirmed that incorporation of biotin into the PCR products does not change the size of the PCR product significantly (data not shown).
The proposed method will be useful in RT-PCR or PCR experiments in which the amplification products are of known identity, yet increased sensitivity of detecting them is desired. This method requires less time and effort than hybridization protocols with a labeled probe. The design of the targeting vector used for homologous recombination in embryonic stem (ES) cells is important both because it affects targeting frequency and because it affects ease of identification of recombinant cell lines (4) . Some of the characteristics of replacement vectors have been shown to affect targeting frequency, including isogenicity of the DNA in the homology region (1, 12) , the total span of replacement DNA in the homology regions (1,3) and the length of homology in each arm (2, 3) . The use of "incomplete" selectable marker genes, which lack either promoter/enhancer elements or polyadenylation elements, the socalled "trap" vectors (7), have also been used to enhance targeting frequency. Polyadenylation trap vectors have been reported to improve homologous integration frequency by up to 50% (5) .
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Aside from affecting targeting frequency, vector design also determines the search and screening strategy for ES clones. For genes that do not allow direct selection, two screening strategies have been used for identifying ES cell clones, which have undergone homologous recombination, namely Southern blotting and genomic polymerase chain reaction (PCR). Although both techniques are effective at identifying appropriately targeted clones, they each have certain limitations. The major limitation with screening by Southern blotting is that it is labor-intensive. Screening by PCR is less laborintensive but imposes constraints on vector design. The major constraint is that the short arm of homology cannot be significantly longer than 1.5 kb, since standard PCR amplification of fragments longer than approximately 1.5 kb is often difficult (6) even with optimization of the PCR conditions. Also, the short arm should not be significantly shorter than 1 kb, since this can affect the fidelity of integration (13).
To circumvent the limitations mentioned above, an alternate method for
